This study identifies memory cytotoxic T lymphocyte (CTL) epitopes to respiratory syncytial virus (RSV) in healthy South African adults and demonstrates the conservation of those epitopes in circulating field strains of RSV in South Africa. Thirty-seven healthy adults from a population with diverse HLA backgrounds were screened by gamma interferon (IFN-␥) enzyme-linked immunospot for memory CTL activity in response to overlapping peptides representing the complete nucleoprotein (N) of RSV. Responses of more than 40 spotforming cells/million cells were detectable in 21 individuals. The significant responses were further characterized, and 14-mer peptides were identified that induced cytolytic activity. Fine mapping of peptides with the highest cytolytic activity identified an HLA-B * 08-restricted RSV-specific CTL epitope. The extended 14-mer peptide containing this epitope also induced lysis in the context of A * 02-restricted target cells in some individuals. These HLA types are common in the target population; thus, the epitope is useful for studies of CTL responses to RSV in humans. The epitope was detected in healthy adults, reflecting the response generated in the course of previous natural RSV infection. We obtained a large panel of naturally occurring isolates of RSV to determine whether there was evidence of escape from CTL activity in circulating strains. We found that this epitope and a previously identified B * 07-restricted N protein epitope were conserved in RSV field strains representing the diversity of circulating genotypes. This work suggests that escape from CTL activity is not common for this acute respiratory infection.
Respiratory syncytial virus (RSV) is the major viral cause of pneumonia and wheezing in infants and children in both developed and developing countries (20, 49, 50) . Previous studies with the murine model suggest that an RSV-specific type 1 T-helper cell response and CD8 ϩ cytotoxic T lymphocytes (CTLs) are critical for the control of RSV infection (15) . It is thought that activation of Th2 CD4 ϩ T cells is a key factor in disease pathogenesis, while a Th1 CD4 ϩ T-cell response with concomitant induction of CD8 ϩ T cells is needed for an effective immune response that resolves infection (reviewed in ref- erence 25) . However, the adoptive transfer of activated CTLinduced immunopathology in mice suggests that a fine balance exists between protective and disease-enhancing effects of RSV-specific T cells (15, 16) . In the past, most studies of the CTL response to RSV focused on murine T cells (reviewed in reference 49). CTLs also have been documented in humans following RSV infection (6, 18) and may play an important role in viral clearance.
RSV proteins previously shown to induce CTL activity include the N protein, the fusion (F) protein, the matrix 2 (M2) protein, and the short hydrophobic (SH) protein (6, 14, 17) . The M2 protein induces the dominant response in mice of the H-2 d haplotype (36) . The N protein, which is the most highly conserved protein between the two RSV antigenic subgroups, appears to be the major target for the memory CTL response in humans (6, 17) . Studies in humans have been limited by difficulties imposed by the classical techniques used to enumerate CTL responses. These limitations include the small blood sample volume that can be obtained safely from acutely infected young children and the low frequency of RSV-specific memory CTL response in adults who are not recently infected (24) . The availability of more-sensitive technologies has now made it possible to study virus-specific CTL responses in humans. These techniques include the use of peptide epitope stimulation of T cells followed by measurement of gamma interferon (IFN-␥) secretion (34) by enzyme-linked immunospot (ELIspot) or intracellular cytokine staining (ICS) by flow cytometry. The enumeration of peptide-specific responses is also possible by using tetrameric major histocompatibility complex (MHC) class I molecules for binding specific epitopes (4) . In order to use these techniques to study infants, RSV-specific CTL epitopes need to be identified that can be used as peptide reagents in such assays.
Recent studies have shown that memory responses in adults can be used to identify RSV-specific epitopes with IFN-␥ ELIspot (24) . The attraction of this strategy is the availability of larger volumes of blood from adults, which allows further characterization of the identified epitopes by using chromium release assays to confirm HLA-restricted cytotoxicity. To date, three human CTL epitopes have been defined for RSV: one HLAB * 07-restricted epitope in the N protein (24) and two epitopes in the F protein restricted to HLAB * 57 and HLACw * 12, respectively (12) . South Africa has a very diverse population consisting of Southern African black ethnic groups, Caucasians of Dutch, French, German, and British origin, Cape Coloreds, and Indians with a wide diversity of HLA types (22, 26) . In order to further characterize the CTL response in children, commonly recognized epitopes that are restricted to HLA types of the study population need to be defined. The use of epitope-specific CTL assays will contribute to vaccine development and provide a better understanding of immuneinduced disease pathogenesis. In this study, peripheral blood samples from healthy South African adults were screened with overlapping peptides covering the complete N protein of RSV by IFN-␥ ELIspot. The significant responses were further characterized, and the epitope that elicited the strongest cytolytic activity was mapped with truncated peptides to identify the optimal epitope. We determined the sequence of a major part of the N protein gene of a panel of isolates representative of all RSV genotypes identified in South Africa to date in order to determine if evidence of immune-induced selection could be found in the identified CTL epitopes.
MATERIALS AND METHODS
Subjects. Thirty-seven healthy South African adult volunteers between 18 and 50 years of age who represented a wide range of South African ethnic groups were recruited from Johannesburg, South Africa, for this study. These subjects included South-Sotho, North-Sotho, Tswana, Zulu, Swazi, Ndebele, Xhosa, Cape Colored, Caucasian, and Indian individuals. The study was approved by the Committee for Research in Human Subjects (Medical) of the University of the Witwatersrand, Johannesburg, South Africa, and the Committee for the Protection of Human Subjects of Vanderbilt University Medical Center.
EBV-transformed BCL. Blood was collected from volunteers, and peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Hypaque density gradient centrifugation. PBMCs were used to establish Epstein-Barr virus (EBV)-transformed B cell lines (BCL) by standard techniques. Briefly, 1 ϫ 10 6 to 10 ϫ 10 6 PBMCs were resuspended in 5 ml of RPMI medium containing 20% heat-inactivated fetal calf serum (FCS), 0.01% 200 mM L-glutamine, 0.01% 100 mM Na pyruvate, and 0.01% (vol/vol) 10,000-U/ml penicillin and 10-mg/ml streptomycin stocks. Five milliliters of filtered EBV supernatant prepared from the EBV-infected marmoset cell line B95-8 and 10 l of cyclosporine A (1 mg/ ml) were added, and the cells were incubated at 37°C with 5% CO 2 . Once transformation was apparent, EBV-transformed BCL were expanded and maintained in complete medium.
Peptide-specific T cell lines. Peptide-stimulated lymphocyte cultures were established from healthy adult subjects as previously described (31) . Briefly, 20 ϫ 10 6 PBMCs were pulsed with the peptide of interest at a concentration of 100
M for 1 h at 37°C in 5% CO 2 . Cells were diluted to 2 ϫ 10 6 in RPMI containing 10% FCS and 25 ng of recombinant human interleukin 7 (Endogen, Woburn, Mass.)/ml, plated out at 4 ϫ 10 6 cells/well in 24-well plates, and incubated at 37°C in 5% CO 2 . Recombinant interleukin 2 (10 U/ml) (Roche Diagnostics, Mannheim, Germany) was added on days 3 and 7. These concentrations were chosen because they were previously shown to enhance peptide-specific lysis without increasing nonspecific lysis. The expanded T cell lines were tested for cytolytic activity on day 10.
Synthetic peptides. A panel of 127 synthetic peptides was generated that spans the complete RSV N protein of the RSV wild-type strain A2. The overlapping peptides were 14-mers offset by 3 amino acids (i.e., overlapping by 11) and were named N1 through N127. The starting position of each peptide corresponds to amino acid (n ϫ 3 Ϫ 2), where n is the peptide number. Immunograde 14-mer peptides (Cleaved PepSet; Mimotopes, Clayton, Australia) were used for screening purposes. After the initial ELIspot screen, selected 9-mer or 10-mer peptides were synthesized and high-performance liquid chromatography purified to more than 90% purity (Natural and Medical Sciences Institute at the University of Tuebingen, Tuebingen, Germany). Purified peptides were used for chromium release assays and ICS assays. The CTL epitope prediction algorithm software programs BIMAS (http://bimas.dcrt.nih.gov/molbio/hla_bind/) (37) and SYFP EITHI (http://syfpeithi.bmi-heidelberg.com/) (40) were used to assist in the selection of 9-or 10-mer peptides used for mapping of the optimal length of epitopes identified.
IFN-␥ ELIspot assay. ELIspot assays were performed as described previously (24) . Briefly, 96-well plates (IP Opaque; Millipore, Bedford, Mass.) were coated with anti-IFN-␥ monoclonal antibody (clone 1-DIK; Mabtech, Stockholm, Sweden) at 4°C overnight. The following day, plates were washed three times with sterile phosphate-buffered saline before blocking with 10% FCS-RPMI. Fresh PBMCs (2 ϫ 10 5 ) and 10 M individual peptides were added to the wells and incubated overnight at 37°C. The next day, cells were washed and incubated for 3 h with a biotinylated anti-IFN-␥ monoclonal antibody (clone 7-B6-1 biotin; Mabtech). Following washing, streptavidin-conjugated horseradish peroxidase (Pharmingen BD Bioscience) was added for 1 h. The plates were washed, and spot-forming cells (SFC) were detected after a 40-min reaction with NovaRed developing substrate (Vector, Burlingame, Calif.). The number of IFN-␥-specific T cells was calculated by subtracting the negative-control value, and the results were expressed as SFC per million PBMCs (SFC/10 6 PBMCs). ICS. For ICS, 2 ϫ 10 6 freshly isolated PBMCs were incubated with 10 M peptides and 1 g each of the stimulatory monoclonal antibodies anti-CD28 and anti-CD49d (Becton Dickinson)/ml for 2 h at 37°C in 5% CO 2 . Brefeldin A (10 g/ml; Sigma, St. Louis, Mo.) was added, and the cells were incubated for a further 4 h before being placed at 4°C overnight. The next day, phosphatebuffered saline-2 mM EDTA solution was added, and the cells were vortexed and incubated for 10 min at 37°C before washing. PBMCs were lysed and permeabilized with BD fluorescence-activated cell sorter (FACS) lysing and permeabilization 2 solutions (Becton Dickinson) according to the manufacturer's directions. Cells were blocked in 4% mouse serum for 30 min at room temperature before being washed and stained with peridinin chlorophyll protein (PerCP), allophycocyanin (APC), fluorescein isothiocyanate (FITC), and phycoerythrin (PE) fluorescent conjugated antibodies, anti-CD3-APC, anti-CD8-PerCP, anti-CD69-FITC, and anti-IFN-␥-PE (Becton Dickinson), for 30 min. Cells were washed before being fixed in 1% paraformaldehyde. Control conditions were established by the use of PBMCs that had not been stimulated by peptides. Cells were analyzed on a FACSort flow cytometer (Becton Dickinson Immunocytometry Systems), with CellQuest and Paint-A-Gate software to measure PerCP, APC, FITC, and PE as fluorescent parameters.
Cytotoxicity assay. Chromium release assays were performed by using peptidestimulated CTL lines as effector cells and autologous BCL as target cells. Briefly, BCL were washed 12 h prior to the assay in RPMI 1640 containing 20% FCS (R20) and resuspended in fresh R20. On the day of the assay, 2 ϫ 10 6 BCL target cells were labeled with 100 Ci of Na 2 51 CrO 4 for 1 h at 37°C. After washing cells three times with cold RPMI 1640 containing 10% FCS (R10), selected peptides were added at 10 M for a further 1 h. Cells were washed again before dilution to 1 ϫ 10 5 cells/ml. Effector cells were added at various effector-to-target cell (E:T) ratios (50:1, 25:1, and 12.5:1) to a fixed number (1 ϫ 10 5 ) of 51 Cr-labeled target cells in 96-well culture plates in a final volume of 200 l. In control wells, only R10 was added to target cells (negative control) or 5% Triton X was added with no effector cells (maximum lysis). After 4 h of incubation at 37°C in 5% CO 2 , the supernatants were harvested and transferred to 96-well Luma plates for solid scintillation counting. Chromium release was measured by using a Top Count Microplate scintillation counter (Packard Instrument Company, Meridien, Conn.), and the percent specific lysis was calculated by the following formula: percent specific lysis ϭ [(experimental release Ϫ spontaneous release)/ (maximum release Ϫ spontaneous release)] ϫ 100. The results are reported as the means of triplicate values. To determine the HLA restriction of epitopes, BCL were used as target cells that matched the HLA type of the effector cells in only one allele.
To demonstrate that peptide-specific effector cells recognized the epitope after proteolytic processing of the whole N protein in the cell, target cells were prepared by infecting BCLs with a recombinant vaccinia virus expressing the RSV N protein (obtained from J. Beeler, Food and Drug Administration), or a vaccinia-human immunodeficiency virus (HIV) Nef (vT197) construct or wildtype NYCBH strain vaccinia virus (negative controls) at a multiplicity of infection of 5 PFU in 1 ml for 1 h at 37°C in 5% CO 2 . The vaccinia-HIV Nef recombinant virus (96ZM651 Nef, subtype C) was obtained through the AIDS Research and Reference Reagent Program, Division of AIDS, National Institute of Allergy and Infectious Diseases, National Institutes of Health; vT197 was from Therion Biologics Corporation. Excess vaccinia virus was removed by washing with R10, and cells were placed in 10 ml of R10 overnight in a 25-cm 2 area tissue culture flask. The following day, a chromium release assay was performed as described previously. Cold unlabeled competitor target cells were added to the assay plates at a cold/hot target cell ratio of 40:1.
Subset depletion studies. Cells were sorted by using magnetic Dynabeads coated with anti-CD4 or anti-CD8 monoclonal antibodies according to the manufacturer's recommendations (Dynal Biotech, Oslo, Norway). Briefly, PBMCs or peptide-specific cell lines were labeled with prewashed T cell subset-specific Dynabeads at a bead-to-cell ratio of 5:1. Following 15 min of incubation at 4°C, cells were washed with RPMI containing 1% FCS before the beads were adhered to a magnet for 2 min. The supernatant was collected; the cells were washed and then concentrated by centrifugation for their subsequent use in chromium release or ELIspot assays. Cells sorted with anti-immunoglobulin G or anti-CD19 beads were used to control for the amount of cells used in further experiments. The depletion efficiency was measured by staining with fluorescent labeled CD4-or CD8-specific antibodies followed by flow cytometric analysis.
HLA typing. HLA typing was performed by low-resolution sequence-specific primer PCR in the HLA Laboratory, National Institute for Communicable Diseases, Sandringham, South Africa.
Viruses and RNA. We selected 14 South African RSV isolates isolated from 1997 to 2001 for N protein sequence analysis in this study from a large panel of isolates that had been recently described (45, 46) . We chose isolates that represented each of the subgroup A and B genotypes described to date in South Africa, based on genotyping with sequences from the variable surface protein G (the attachment protein). These included subgroup A genotypes GA2, GA5, GA7, and SAA1 and subgroup B genotypes GB4, GB3, SAB1, SAB2, and SAB3.
RT-PCR for amplification of viral genomic sequences. Total RNA was isolated from frozen nasopharyngeal aspirates as described previously (45, 46) . In brief, nasopharyngeal aspirates stored at Ϫ70°C were thawed on ice and immediately supplemented with 20 U of RNase inhibitor (Roche Molecular Biochemicals). Total RNA was extracted directly from 200 l of clinical specimen by use of the viral RNA kit (Roche Molecular Biochemicals) according to the manufacturer's recommendations. In the case of very viscous specimens, the lysates were homogenized by using QIAshredder homogenizer columns (Qiagen, Hilden, Germany). Primers were designed with Primer 3 software (http://www-genome.wi .mit.edu/cgi-bin/primer/primer3_www.cgi/) by using the prototype sequences A2 and B1 for subgroups A and B, respectively. The primers were as follows: subgroup A 5Ј primer, N73AF (TCCAGCAAATACACCATCCA); subgroup A 3Ј primer, N1017AR (CATTATGCCTAGGCCAGCAG); subgroup B 5Ј primer, N2BF (GGGAAATACAAAGATGGCT); subgroup B 3Ј primer, N1031BR (A TGCCTAGACCTGCTGCATT). The reactions were performed separately for subgroups A and B in a one-step reverse transcription (RT)-PCR by using the Titan One Tube RT-PCR system (Roche Molecular Biochemicals) according to the manufacturer's instructions. In brief, 10 l of RNA was added to 10 l of standard 5ϫ reaction buffer, 10 M concentrations of each deoxynucleoside triphosphate, 20 pmol of each of the 5Ј and 3Ј primers, 5 mM dithiothreitol solution, 10 U of RNase inhibitor, and 1 l of the Titan enzyme mix, and the volume was brought up to 50 l with distilled water. The reaction was performed in a GeneAmp PCR system 9600 thermocycler (Applied Biosystems, Foster City, Calif.) according to the following program: 50°C for 30 min; 94°C for 2 min; 35 cycles of 94°C for 30 s, 55°C for 30 s, and 68°C for 1 min; and 68°C for 7 min. PCR products were visualized by agarose gel electrophoresis.
Nucleotide sequence determination and analysis. PCR products were purified by using the Qiaquick 8 PCR purification kit (Qiagen). DNA products for sequence analysis were purified with Autoseq GE-50 columns (AEC-Amersham, Sandton, South Africa). Nucleotide sequence analysis was carried out on both DNA strands by using ABI Prism big dye terminator cycle sequencing on an ABI 3100 sequencer model according to the manufacturer's specifications (Applied Biosystems). Forward and reverse reactions were carried out with the same primers that were used for RT-PCR. An additional primer, N454F (CAGAAT ACAGGCATGACTCT), was designed to assist in sequencing the 3Ј ends where necessary.
Sequences were analyzed with Sequencher software, version 4.0.5. Sequence alignments were performed with Clustal X, version 1.64b (42) . Translations and phylogenetic analysis were performed with MEGA, version 2.1 (30) . Shading of amino acid alignments was carried out with Genedoc, version 2.6.002 (www.psc .edu/biomed/genedoc). Sequences used for comparison were obtained from GenBank: human RSV prototype subgroup A (A2) (19) and subgroup B (B1) (28), bovine RSV (13, 32, 43) , and ovine RSV (2). Little conservation was noted when comparisons were performed with sequences of related pneumoviruses: mouse pneumovirus (8), human metapneumovirus (44), or avian metapneumovirus (41) (data not shown).
Statistical analysis. Data were analyzed by using SPSS (Chicago, Ill.) software, version 11.5.0. A general linear model analysis of repeated measures was used to generate P values. Probabilities of Ͻ0.01 were considered statistically significant. All data are presented with standard deviations.
Nucleotide sequence accession numbers. The 14 N sequences from distinct RSV genotypes that we determined have been deposited in GenBank with the accession numbers AY151194 through AY151207.
RESULTS

Identification of RSV-specific T-cell responses by IFN-␥ ELIspot and ICS. IFN-␥ ELIspot and ICS focused on the RSV nucleoprotein (N) as a potential target based on earlier work.
The N protein is the most highly conserved protein between the two antigenic subgroups and appears to be the major target for the memory CTL response in humans (6, 17) . An HLArestricted RSV N-protein-specific CTL epitope recently has been characterized from a healthy adult subject (24) . The approach we adopted for identification of novel RSV-specific CTL epitopes included the use of a panel of 127 overlapping 14-mer peptides spanning the N protein. These peptides were used to screen 37 healthy South African adults from various ethnic groups by IFN-␥ ELIspot assays. Of those subjects tested, 21 subjects exhibited a peptide-specific response greater than 40 SFC/10 6 cells while 17 reacted with at least one peptide with more than 50 SFC/10 6 cells. The 14-mer peptides that exhibited reactivity with the highest number of subjects by ELIspot were peptides N16, N78, N84, N85, N86, and N100 ( Fig. 1 and Table 1 ), and these were selected for further characterization. The HLA types of donors that reacted to these peptides are listed in Table 1 .
Low frequencies of IFN-␥-producing CD8 ϩ T cells could be detected in some subjects by ICS after stimulation with the individual peptides N16, N78, N84, N85, and N100 (data not shown). The frequency of RSV N-peptide-specific CD8 ϩ T cells induced by the selected peptides was low, ranging from 0.02 to 0.09% of CD8 ϩ T lymphocytes. The low precursor frequency of responding cells was not surprising given that these responses were elicited in healthy subjects who were not known to be recently reinfected. The ICS data confirmed the ELIspot results and suggested that the 14-mer peptides contain RSV N-specific CTL epitopes. The N84/N85/N86 cluster of nested peptides that was detected in a significant number of subjects by ELIspot (Fig. 1 ) also induced the strongest and most reproducible IFN-␥ production as detected by ICS (Fig.   FIG. 1 2) Therefore these peptides were characterized in the most detail.
Characterization of an HLA-B * 08-restricted RSV N-proteinspecific CTL epitope. ELIspot and ICS assays measure the ability of peptide-stimulated T cells to produce IFN-␥ but not necessarily the ability to kill target cells. Therefore, the selected peptides were characterized further by standard chromium release assays. Peptide-specific CTL lines were generated by in vitro stimulation and used as effector cells after 10 days in culture. The highly characterized HLA-A * 02-restricted influenza matrix protein epitope, designated MP.58 (GILG FVFTL) (9), was used as a positive control, and the HLA-A * 02-restricted HIV reverse transcriptase epitope, designated RT.476 (ILKEPVHGV) (48) , was used as a negative control in subject D16, for whom the HIV status was known to be negative, with permission of the subject.
N84-and N85-peptide-specific cell lines displayed the most significant lysis of peptide-pulsed autologous BCL targets at multiple E:T ratios. The cytolytic activity observed from the N84 and N85 cell lines was comparable to that observed from the MP.58-peptide-specific cell line generated from the same subject (Fig. 3a) . As expected, cytolytic activity was not detected for RT.476-specific cell lines against autologous RT.476-pulsed BCL targets or against target cells that were not pulsed with peptide.
We next sought to determine the HLA restriction(s) of the epitope(s) contained within the N84/N85 peptide sequences by comparing lysis of autologous BCL target cells with lysis of single HLA class I-matched peptide-pulsed target cells (Fig. 3b and data not shown). N84-and N85-peptide-stimulated cells from donor 16 reliably lysed HLA-B * 08-matched target cells or cells that were HLA-B * 08/Cw * 07 matched but not cells that were only HLA-Cw * 07 matched (data not shown). Interestingly, N85-peptide-specific cell lines also displayed significant cytolytic activity against HLA-A * 02-matched BCL target cells in the majority of assays tested with subject D16. However, the 9-or 10-mer peptide-specific cell lines generated within the overlap of N84 and N85 did not induce significant HLA-A * 02-restricted cytolytic activity (Fig. 3d and data not shown) , suggesting a potential HLA-A * 02-restricted epitope within the C-terminal region of N85 or that the epitope is longer than 10 amino acids.
The previous data indicated that an HLA-B * 08-restricted T-cell epitope exists within the overlap of peptides N84 and N85. To identify the optimal peptide that induced the MHCrestricted CTL response, peptide-specific cell lines for the 9-and 10-mer peptides corresponding to the overlapping region of the two 14-mer peptides N84 (amino acids 250 to 263) and N85 (amino acids 253 to 266) were generated from subject D16. These cell lines were then assayed for cytolytic activity against peptide-pulsed HLA-B * 08 single matched BCL targets (Fig. 3c ). Significant cytolytic activity was observed for the cell lines generated from the 9-and 10-mer peptides at amino acid position 255 (designated N09.255 and N10.255, respectively). However, the N09.255-peptide-specific cell line exhibited a nearly twofold-higher cytolytic activity against peptide-pulsed HLA-B * 08 targets, suggesting that this is the optimal epitope. The HLA-B * 08 restriction for peptide N09.255 was further confirmed against partially matched peptide-pulsed BCL targets ( Fig. 3d and data not shown) . Significantly, cytolytic activity was only observed for the N09.255-peptide-specific cell line against peptide-pulsed autologous or HLA-B * 08-matched target cells, further suggesting that N09.255 is an HLA-B * 08-restricted CTL epitope. The 9-and 10-mer peptides that were shown to contain the HLA class I epitope were again tested by IFN-␥ ELIspot to confirm a reaction is induced to a CD8 ϩ epitope by our screening method. Reaction mixtures containing 40 and 45 SFC/10 6 cells were induced by these peptides in donor 16, which was a higher number of SFC than that used in the reaction mixture induced by N84.
To confirm that the cytolytic activity observed was mediated by CD8 ϩ T cells, N09.255-peptide-specific lines were depleted on day 10 of culture by using paramagnetic beads for CD4 ϩ , CD8 ϩ , or CD19 ϩ cells and then used as effector cells in chromium release assays (Fig. 3e) . N09.255-peptide-specific cell lines depleted of CD4 ϩ T cells or depleted of CD19 ϩ cells were equally capable of cytolysis of peptide-pulsed BCL targets. In contrast, cytolytic activity of N09.255 cell lines depleted of CD8 ϩ T cells was reduced to that seen for the negative control. The efficacy of the depletion was confirmed by flow cytometry and found to be more than 99% effective (data not shown). These data confirm that N09.255 is an MHC class I-restricted CTL epitope for CD8 ϩ T cells. To determine whether the putative CTL epitope identified with synthetic peptides is presented after processing of the viral protein in cells, target cells were infected with a recombinant vaccinia virus expressing the RSV N protein (Vac-N) and tested by chromium release assay. N09.255-peptide-specific effector cells lysed target cells infected with Vac-N but not target cells infected with wild-type vaccinia virus or an HIV Nef recombinant vaccinia virus (Fig. 3f) . Effector cells stimulated with the N13 control peptide did not lyse Vac-N-infected target cells (data not shown). This finding suggested that the N09.255 HLA-B * 08-restricted CTL epitope is naturally processed and presented in target cells.
Lack of evidence for immune selection at RSV N protein CTL epitopes. Isolates were selected from all subgroup A and B genotypes identified to date in South Africa as well as the two prototype strains A2 and B1 for inclusion in the study. The RT-PCR resulted in a specific band of 944 bp for all subgroup A isolates or 1,029 bp for all subgroup B isolates, confirming the sensitivity and specificity of the selected primers. The amino acid sequences of the N proteins of the selected subgroup A and B isolates were compared in alignments with the amino acid sequences of other members of the Pneumovirinae, including the Pneumovirus genus (human RSV, bovine RSV, and ovine RSV). Similar alignments with sequences from pneumovirus of mice and the metapneumovirus genus (avian and human metapneumoviruses) suggested little conservation of sequence between RSV and these viruses at the site of the RSV epitopes (data not shown). The 14 N sequences from distinct RSV genotypes that we determined (Fig. 4) are deposited in GenBank with the accession numbers AY151194 through AY151207. The average between-group amino acid P distances (calculated with Mega, version 2) between human RSV subgroups A and B was 5% while the distances between human RSV and bovine or ovine RSV were 6 and 7%, respectively. Much less conservation existed with other members of the Pneumovirinae. The distances between RSV and pneumovirus of mice and the metapneumoviruses were 38 and 59%, respectively. When only taking the human RSV genotypes into consideration, much more variation was found between the two subgroups on the nucleotide level (P ϭ 0.14) than on the amino acid level (0. figure: subgroup A, GA2, GA5, SAA1, and GA7; subgroup B, SAB1, SAB2, SAB3, GB3, and GB4. The RSV A2 and B1 prototype strains from subgroups A and B, respectively, were included for comparative purposes. The positions of the epitopes identified in this study are highlighted. Epitopes identified at the 14-mer level are indicated in gray while the mapped 9-mer epitopes N9.255, and the epitope NL9 from reference 24 are highlighted in black.
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on September 22, 2017 by guest http://jvi.asm.org/ ing suggests that there is little selection pressure in nature for the emergence of virus strains resistant to N-protein-specific CTLs. Figure 4 shows the amino acid alignment of the N proteins. The positions of the epitopes identified in this study are highlighted. Epitopes mapped to the 14-mer level are shown in gray while the mapped 9-mer epitope N09.255 and an N protein epitope identified by Goulder et al. (24) , designated NL9, are highlighted in black. The positions of the epitope-containing peptides were mostly conserved, with the 14-mers N78 and N100 and the mapped 9-mers N09.255 and NL9 being identical between all human RSV genotypes in both subgroups as well as identical to the animal RSVs (ovine and bovine RSV). One amino acid change was detected in peptide N16 in genotype SAB3. Peptides N84 and N85 had a single amino acid difference between subgroups A and B that were conserved in the respective subgroups. One amino acid difference was detected in N86 in all RSV isolates relative to the A2 prototype, although this mutation resulted in a minor amino acid change (Ile to Val). The positions of the mapped epitopes N09.255 and NL9 were conserved between all human and animal RSVs. The sequence of NL9 was also conserved in the pneumovirus of mice.
DISCUSSION
This study examined the T-cell memory response to RSV N protein in healthy South African adults by using IFN-␥ ELIspot and identified putative CTL epitopes. Although the responses were usually present at a low frequency in these healthy adults who were not recently infected, the screening procedure effectively identified potential epitopes that could be further characterized with classical techniques. Thirty-seven adults with a wide diversity of HLA types were screened for reactivity to overlapping peptides that represent the complete RSV N protein. Previous studies have indicated that screening of viral peptide libraries in 30 to 50 previously infected individuals rapidly defines the epitopes for the most common HLA types (3, 21) . The RSV N protein was selected because this is the most conserved protein both within and between the two RSV antigenic subgroups and because it was previously reported to be a major target for the CTL memory response in humans (17) . Using IFN-␥ ELIspot as a marker for CTL activity, 21 subjects were identified with a response of more than 40 SFC/10 6 cells to at least one 14-mer N peptide. This frequency of SFC was selected as a cutoff point for a positive response. Seventeen of these subjects exhibited responses of more than 50 SFC/10 6 cells. In some cases, CTL epitopes contained within 14-mer peptides may induce SFC frequencies of less than 40 SFC/10 6 cells. For example, the identified B * 08-restricted CTL epitope that was located within the 14-mer N84 induced only 24 SFC/10 6 cells in the ELIspot screen with PBMCs from subject D16; however, when tested by chromium release assay after 10 days in culture, the peptide induced very strong lysis by this same subject's effector cells. This finding suggested that the number of spots observed in ELIspot does not always correlate directly with the strength of cytolytic activity that can be induced by the peptides. Peptides that induced strong IFN-␥ release in a smaller number of cells, observed as a small number of large spots in ELIspot (e.g., peptides N84 and N85), appeared to induce stronger specific cytolysis than peptides that induced low levels of IFN-␥ in many cells (suggested by a high number of small spots in ELIspot, for example, peptide N16).
These results suggest that the T-cell response to RSV N protein in healthy adult memory cells is induced by a relatively small number of peptides. These data are in keeping with previous findings for HIV-specific CTLs where a small number of immunogenic regions on the Gag protein were identified that contain the majority of the Gag-specific epitopes irrespective of virus clade, ethnicity, or age group studied (22) . The strongest RSV N epitope identified in the present study was mapped to a 9-mer starting at position 255. This epitope was contained in both experimental peptides N84 and N85 (spanning amino acids 250 to 266). Seven subjects had a reaction to either one or both of these peptides during the IFN-␥ ELIspot screening with a response of more than 40 SFC/million cells. The 14-mer peptides were shown to induce strong B * 08-restricted responses and, to a lesser extent, A * 02-restricted reactions. When studying the HLA types of subjects that reacted to either of these peptides in IFN-␥ ELIspot, the MHC class I alleles B * 08 and A * 02 were identified in both Caucasians and Africans ( Table 1 ). The A * 68 molecule, a member of the A * 02 HLA supertype, was identified in certain African individuals that had neither B * 08 or A * 02 alleles. Since only low-resolution HLA typing was performed, the exact allelic specificity of the subjects was not known. The identified epitope on N09.255 corresponds to a predicted A * 0205-restricted epitope. The BIMAS algorithm predicted B * 08-and A * 02-restricted epitopes in position 255 on the N protein that scored among the top 10 predicted N protein epitopes for these HLA types. These results suggest the usefulness of epitope prediction algorithms to help select peptides as putative epitopes for testing. Our experience suggests, however, that algorithm prediction may be most effective after an initial experimental screening process in which the individual's responses are determined with longer peptides.
The South African population has a very diverse HLA repertoire. HLA A * 02 is detected frequently in both South African black (16.06%) and Caucasian populations (29.7%) (A. Puren, HLA laboratory, National Institute for Communicable Diseases, unpublished data). The A * 02 allelic frequency ranges from 7.8 to 25% in the different South African ethnic groups (Xhosa, Sotho, Zulu, Shona, and Matabele), but the A * 0201 subtype is rare in Zulus, for whom A * 0207 is detected frequently (26) . A * 68 is detected in 2.48% of South African Caucasians and in 12.04% of the black population. B * 08 is also relatively common in both South African Caucasian (11.62%) and South African black populations (7.44%) (Puren, unpublished). This suggests that the epitope recognized by the B * 08 and A * 02 alleles identified in this study will be useful for studies of RSV CTL responses in South African subjects. Although only the epitopes located on the peptides that induced the strongest lysis (N84 and N85) were mapped down to the 9-mer level, the position of further potential epitopes located on the 14-mers N16, N78, N86, N100, and N108 that may be restricted to other HLA types were also identified. These peptides induced ELIspot responses, suggesting they might contain epitopes restricted to HLA A * 24 (found in 1.64% of the South African black population and 8.42% of Caucasians), (Puren, unpublished) . The other potential epitopes we identified did not induce lysis as strong as that induced by N84 and N85 by memory CTLs in healthy adults. Nevertheless, these peptides might be considered when studying the CTL response in infected infants and children, the target population for future studies of RSV-specific CTL kinetics.
In light of the genetic and antigenic variation detected in RSV, the identification of a broadly cross-strain-protective immune response might be of significant value for vaccine development. This makes identification of CTL epitopes that will provide protection against the different genotypes and to both subgroups an important goal. However, one of the methods used by viruses to evade immune surveillance is the introduction of amino acid mutations within CTL epitopes or in sequences flanking these epitopes (35) . The epitope sequences themselves are essential for association with the MHC class I molecule and for recognition by the virus-specific CTLs while the flanking sequences are important in cytosolic processing of the proteins to yield the peptides that constitute CTL epitopes. Mutations in these regions may be associated with loss in CTL-mediated lysis of virus-infected cells (5, 51) or may generate peptides that antagonize CTL function (10, 29) . Previous reports have suggested that the N protein is the major target of the memory CTL response to RSV in humans (6, 17) . Although it is known that the N protein is the most conserved of all RSV proteins (27) , it is not known if the variation that does exist occurs in the regions that contains the CTL epitopes or if immune pressure may induce positive selection in the CTL epitopes.
Escape mutations in CTL epitopes have been described for several persistent infections like HIV type 1 (7, 23, 38) and EBV (10) . Although CTL escape has been documented in chronic diseases, it was until recently thought to be unlikely to occur in acute viral infections. In influenza virus infections, the CD8 ϩ CTL responses are usually cross-reactive between subtypes (1, 33) . Consistent with this is the relative conservation of the dominant CTL target antigens, which are usually internal viral proteins that are expressed early in infected cells before viral release and thus not accessible to antibody selection pressure (39) . However, several recent reports of CTL escape mutations in influenza virus that abolish MHC class I presentation and recognition from specific CTLs have been made (11, 39, 47) . These reports suggest that antigenic drift resulting from immune pressure mediated by specific CTLs occurs that can result in escape from CTL-mediated immunity to influenza (11) .
Limited data are available about CTL epitopes to RSV in humans, and to date, no study has looked at the sequence variation in CTL epitopes. To determine if the CTL epitopes identified in South Africa are conserved between the genotypes and subgroups, isolates were selected from all genotypes identified in South Africa from 1997 to 2001 and a major part of the N protein gene was sequenced and compared with historic RSV isolates published in GenBank. To determine the extent of conservation, the N proteins were also compared to other members of the Pneumovirinae. We found that RSV N-protein-specific CTL epitopes were conserved in all South African isolates in the panel that we sequenced, which included representative strains from the major genotypes of virus circulating in the country at the time these CTL studies were performed. These data suggest that immune selection of RSV strains resulting in the induction of CTL escape mutations is not common.
Our data were obtained from memory responses in healthy adults. The greatest morbidity due to RSV, however, occurs in infants and the fragile elderly. Future studies will need to determine whether the kinetics and patterns of immunodominant epitopes in RSV CTL reactivity in those groups differs from the patterns observed in healthy adults.
In summary, we identified RSV-specific memory CTL epitopes in healthy South African adults by IFN-␥ ELIspot and confirmed them by ICS and cytolytic assays. A population with a diverse range of HLA types was screened with RSV N peptides, and the peptides that elicited a dominant response were selected for further characterization. Fine mapping of the 14-mer peptides that induced the highest cytolytic activity identified an MHC class I restricted T-cell epitope, N09.255, that was recognized strongly by B * 08-restricted cells. These alleles are relatively common in the South African population and will be useful for future studies in this population. Identification of the B * 08 and putative A * 02 epitopes, in combination with a previously identified RSV N protein B * 07-restricted epitope (24), contributes to our ability to characterize the role of RSV-specific CTLs in pediatric infection or immunization. RSV field strains were examined for evidence of immune selection at the epitopes discovered, and we did not find evidence for immune selection mediated by CTLs directed to RSV N protein.
